Introduction
Scrapie is a fatal infectious disease affecting the central nervous system of sheep and goats. Other scrapie-like diseases include bovine spongiform encephalopathy and Creutzfeldt-Jakob disease (CJD) of man. These diseases can be transmitted experimentally to other species. Scrapie-associated fibrils (SAF) are found in extracts of brains of all animals infected with scrapie and scrapierelated diseases (Merz et al., t981, 1983 (Merz et al., t981, , 1984 . The purified fibrils consist of PrP (Diringer et al., 1983; Merz et al., 1987; , a host-encoded membrane-associated glycoprotein (Bolton et al., 1982 (Bolton et al., , 1985 Oesch et al., 1985; Stahl et al., 1987) . The role of PrP in normal brain is unknown. The protein is polymorphic and its gene is linked to the Sinc gene (Hunter et-al., 1987; Westaway et al., 1987) which controls incubation periods of the disease in scrapieinfected mice (Dickinson et al., 1968) . Although SAF tend to co-purify with scrapie infectivity (Diringer et al., 1983; Somerville et al., 1986) , it remains to be determined whether there is a specific association with the infective agent. The alternative is that SAF are a pathological product of the disease adventitiously associated with or specifically binding to the agent .
PrP from SAF shows heterogeneity on two-dimensional (2D) gels (Bolton et al., 1985; Sklaviadis et al., 1986; . It runs on the gels in a series of spots which are grouped into six regions (see Fig. 1 ). The three more acidic regions correspond to PrP species of Mr 29 000 (denoted A29), Mr 25 000 (A25) and Mr 20000 (A20) and are partial proteolytic products of the three more basic species with Mr values of 34000 (B34), 29000 (B29) and 25000 (B25) (Hope et al., 1988; ; Proteolytic change in PrP arises endogenously. When used, proteases added during purification produce the same three acidic forms and remove the basic forms of the protein (Hope et al., 1986 (Hope et al., , 1988 . Some of the heterogeneity of PrP is caused by differential glycosylation of the protein. The predicted amino acid sequence for the protein contains two potential N-glycosylation sites (Oesch et al., 1985) . Using PrP which was purified with proteinase K, Bolton et al. (1985) showed that the protein is glycosylated and that treatment with neuraminidase reduced the degree of heterogeneity. Manuelidis et al. (1985) found that wheatgerm agglutinin (WGA) and ricin bind to PrP derived from SAF isolated from hamsters infected with either the 263K strain of scrapie or with a CJD isolate. Sklaviadis et al. (1986) showed WGA and ricin binding to PrP which could be abolished by enzyme treatments: neuraminidase reduced WGA binding but enhanced .0000-9310 © 1990 SGM ricin binding; fl-N-acetylglucosaminidase and endoglycosidase H abolished all binding. Neuraminidase reduced the heterogeneity of B34. Kascsak et al. (1986) found that WGA bound to all the bands of proteinase Ktreated PrP from mice and hamsters which bound an anti-PrP antibody. Recently, Caughey et al. (1989) have shown by using a neuroblastoma cell line, that the addition of one or two glycans caused an increase in Mr from 25000 to 28000 and 33000, and following maturation a protein of 35000 to 41000 resulted. Haraguchi et al. (1989) have shown that deglycosylation of PrP isolates before or after proteinase K digestion produces two species of lower Mr. Overall the evidence suggests that PrP is glycosylated at one or both N-glycosylation sites with carbohydrate which contains neuraminic acid, galactose and/or galactosamine and N-acetylglucosamine. Stahl et al. (1987) have shown that PrP has a covalently attached glycolipid, which is probably attached to the C terminus of the protein. The carbohydrate moieties of the glycolipid have yet to be characterized.
Differences have been found between isolates of PrP from brains affected with different strains of scrapie (Kascsak et al., 1986) and between different regions of the same brain ). These differences are in the total amount of PrP and in the relative amount of B34, B29 and B25 in each isolate . We have also investigated how much of the heterogeneity of PrP is due to glycosylation by different N-glycan moieties. An understanding of the causes of the heterogeneity may be useful in understanding the role of PrP in the pathogenesis of the disease.
Methods
Brain tissue was obtained from BSC or RIII mice infected intracerebrally with the ME7, 22L or 79A strains of scrapie and showing terminal signs of the disease as described previously . SAFs were purified according to the method of . Aliquots of 20 mg brain equivalents were run on one-dimensional (1D) SDS-PAGE (Neville, 1971) and 50 mg brain equivalents were run on 2D non-equilibrium gradient gel electrophoresis-SDS (NEPHGE-SDS) gels (O'Farrell et al., 1977) as modified and stained with silver (Sammons et al., 1981) or electroblotted onto nitrocellulose paper (Towbin et al., 1979) . The three brain or brain region samples to be compared were run on a single gel in the second dimension and blotted from that onto a single piece of nitrocellulose membrane to allow the development of each blot to take place under identical conditions. Biotinylated lectins (50~tg/ml) (Vector Laboratories) were applied to the blots and detected with streptavidin-conjugated alkaline phosphatase (Manuelidis etal., 1985) . The panel of lectins used is indicated in Table 1 .
To purify individual protein bands from NEPHGE-SDS gels, SAF (2 g brain equivalents) were sedimented at 350000g for 30 min and resuspended in 250 btl of lysis buffer (O'Farrell et al., 1977) . NEPHGE-SDS gels were run as before except isoelectric focusing was performed in tubes 5 mm in diameter. For 1D gels an SAF fraction was resuspended in 500 ~tl of SDS sample buffer and loaded onto gels with 35 mm wide lanes. The gels were stained with 0-02% Coomassie blue in 1 ~ acetic acid and 45% methanol. The stained bands were cut out and electroeluted (Hunkapillar et al., 1983) , then lyophilized and washed in 1 ml of methanol. Removal of N-linked carbohydrate moieties was performed by incubating with peptide-N-glycosidase F (PNGase). Samples were suspended in 100mm-sodium phosphate buffer pH 7.2, 0.1% SDS, 0.1% 2-mercaptoethanol (25 ~tl) and heated at 80 °C for 30 min. Then 5% Nonidet P40 (10 ~tl) and 1.0 or 2.5 units of PNGase (Boehringer Mannheim) in 5 p.l or 5 ktl H20 were added and the volume made to 50 Ixl with H20. The samples were incubated at 37 °C for 18 h, and then sample buffer for 1D gel electrophoresis was added.
Results

Lectin binding to PrP on 1D and NEPHGE-SDS gels
PrP from SAF extracts was run on 1D or NEPHGE-SDS gels and either silver-stained or blotted onto nitrocellulose for lectin-binding experiments. PrP was identified by its unique migration pattern on 1D and NEPHGE-SDS gels, and by staining with anti-PrP antisera on immunoblots . Typical examples of NEPHGE-SDS gel lectin blots are shown in Fig. 2 . Here we consider primarily the carbohydrate properties of the bands not affected by proteolysis, i.e. B34, B29 and B25 (schematically indicated in Fig. 1 ). Two-dimensional gels were required to resolve the acidic and basic forms of the protein. A series of lectins were used to test their binding to PrP on protein blots of PrP on 1D and NEPHGE-SDS gels. As shown in Table 1 four types of binding were found. The first group showed no detectable binding, the second group bound to B25 and to a lesser extent to B29 and B34 [e.g. concanavalin A (Con A), Fig. 2] . The third group bound more strongly to B34 and B29 [Ricinus communis agglutinin I (RCA-1), WGA, Fig. 2 ]. One lectin, Phaseolus vulgaris erythroagglutinin (PHA-E) bound only to B34 and B29 and not to B25 (Fig. 2) . Binding of 
Effect of PNGase
To test the effect of PNGase on PrP, bands B34, B29 and B25 were eluted from preparative 1D and N E P H G E -SDS gels, then treated with enzyme and rerun on 1D SDS-PAGE (Fig. 3a, lanes 1 to 6) . PNGase cleaves the fl-aspartytglycosylamine linkage (Plummer et aL, i984) . Treatment with the enzyme resulted in the reduction in Mr of some of the protein in the B34 fraction. Silver staining showed a range of protein species from Mr 34000 containing a broad intermediate band comigrating with undigested B29, down to a sharp doublet band at Mr 25 000 (Fig. 3 a, lanes 1 to 2) . Similarly there was an Mr reduction in B29 down to Mr 25000 (Fig. 3a, lanes 3  to 4) . However there was no detectable change in B25 after digestion (Fig. 3a, lanes 5 to 6) . Lectin binding to PrP before and after digestion was tested on aliquots of PrP34--PrP29 - Fig. 3 . Effect of PNGase on PrP eluted from ID and N E P H G E -S D S gels. Lanes 1 to 8 show aliquots of the same samples run on duplicate 1D SDS polyacrylamide gels. These were silver-stained (a), or blotted onto nitrocellulose and probed with PHA-E (b). Lanes 1 to 6 contained PrP eluted from N E P H G E -S D S gels; lanes 9 to 12 contained PrP eluted from 1D gels; lanes 1, 2, 9 and 10, B34; lanes 3 and 4, B29; lanes 5 and 6, B25; lanes 11 and 12, a mixture of A29 and B29. Lanes 7 and 8 contained no sample. Lanes 2, 4, 6 and 8 were digested with 20 units/ml of PNGase, and lanes 10 and 12 were digested with 50 units/ml. PNGase is seen in the even-numbered lanes with an M r of 35000. each sample run on duplicate gels which were electroblotted. PHA-E binding to B34 and B29 was reduced after PNGase treatment and a band was detected again in the B29 position after digestion of B34 (Fig. 3b, lanes 1  to 4) . No PHA-E binding to protein migrating with Mr 25000 was detected before or after enzyme treatment (Fig. 3b, lanes 5 to 6) . Binding of WGA and RCA-1 to the digested bands was similar to that of PHA-E, except that in the case of RCA-1, binding in the B25 position was also detected before and after digestion of all three bands (results not shown). Digestion of the band corresponding to Mr 34000 eluted from a 1D gel (equivalent to B34) with higher concentrations of enzyme resulted in all the protein migrating at the B25 position (Fig. 3 a, lanes 9 and 10) . Elution of protein from the Mr 29000 position of a 1D gel (equivalent to a mixture of A29 and B29) followed by digestion with PNGase resulted in the production of two bands, one migrating at Mr 25000 and the other at Mr 20000 ( Fig.  3 a, lanes 11 and 12) . As a control ovalbumin was treated also with PNGase. It too showed increased migration after digestion (result not shown). These data suggest that the B25 band is the form of the protein with no occupied N-glycosylation sites.
Lectin specificities of PrP from different strains of scrapie & mice
SAF were extracted from mice infected with either 22L, 79A or ME7 strains of scrapie. Each lectin maintained a similar binding pattern to PrP from these different sources on both 1D gels (results not shown) or on NEPHGE-SDS gels (Fig. 2) , independent of the strain. Differences could be attributed to the relative differences in yields of B34, B29 and B25 from these three strains , as reflected in their staining properties with silver.
Lectin specificities of PrP from dif[erent brain regions
SAFs were extracted from cerebellum and medulla of mice infected with the ME7 strain of scrapie, and PrP was resolved on NEPHGE-SDS gels. Con A, RCA-1 and WGA each bound to PrP in a similar manner to that found in whole brain (Fig. 4) . Again, differences in the staining reflected differences between the extracts seen by silver staining of duplicate samples .
Discussion
Lectin-binding studies combined with PNGase treatments of PrP from SAF of scrapie-infected brain show that some but not all the carbohydrate moieties are associated with the putative Noglycosylation sites. Some but not all carbohydrate can be removed from the protein. The reduction in Mr of PrP B34 appears to be a two-step process with protein of similar Mr to B29 being observed as well as a band which comigrates with B25. After PNGase digestion PHA-E still stains protein migrating at B34 and B29 only, and not B25, suggesting that binding sites present in the higher Mr forms are absent from B25. These data suggest that B25 has neither N-glycosylation site occupied, B29 has one site and B34 has both sites occupied by carbohydrate moieties. Similar conclusions were reached for PrP in an in vitro cell culture system (Caughey et al., 1989) . The removal of the carbohydrate is relatively difficult as high concentrations of PNGase are required. These results show that there is an inefficiency in glycosylation of PrP from SAF similar to that seen for pancreatic RNase (Bause, 1979) . The B29 and B25 forms of PrP are also seen in uninfected brain (R. A. Somerville et al., unpublished results) suggesting that this inefficiency is not scrapiespecific. Lectins of Table 1 groups 3 and 4 bind to the Nglycan moiety wherease those of groups 1 and 2 bind weakly, if at all. These binding properties (Sharon & Lis, 1989) suggest that the N-glycan moieties are complex biantennary structures which include terminal neuraminic acid in varying amounts (one of the causes of microheterogeneity within the B34 and B29 regions on the gel) (Bolton et al., 1985; Manuelidis et al., 1985) , galactose and D-mannose. B25 binds the lectins of group 2 (Table 1 ) most strongly and with a different range of binding properties to those of B34 and B29. A possible explanation is that these carbohydrate moieties belong to the covalently attached glycolipid. O-linked glycosylation is unlikely as galactosamine has not been detected during amino acid analysis (Multhaup et al., 1985) . The lectin binding data suggest that the B25 carbohydrate moiety may contain mannose, glucosamine, galactose/galactosamine and fucose. Experiments involving the purification of this carbohydrate moiety and its chemical analysis will be required to establish its structure fully.
It has been shown that the acidic forms of PrP (A29, A25 and A20) arise from endogenous proteolytic digestion, mainly the removal of the N terminus (Hope et al., 1988) . The lectin binding patterns accord with this finding, the binding properties of each acidic band conforming with those of the equivalent basic band with an Mr of 3000 to 5000 higher. In addition, PNGase treatments of the eluates from 1D gels containing both PrP A29 and B29 result in the production of a band comigrating with A20 as well as a band comigrating with B25, suggesting that A20 is the non-glycosylated form of protease-cleaved PrP. We conclude that the six major regions of heterogeneity are caused by a combination of protease cleavage and differential attachment of one or two N-glycan moieties. Within regions, minor differences in the position of proteolytic cleavage (Hope et al., 1988) and differential sialylation (Bolton et al., 1985; Manuelidis et al., 1985) contribute to the heterogeneity observed. However PrP B25, which is neither proteasedegraded nor attached to N-glycan moieties, still shows some heterogeneity on NEPHGE-SDS gels. This remains to be explained.
PrP isolated from different regions of brain or from brains infected with different strains of scrapie showed no major detectable differences in their lectin-binding properties other than those which can be ascribed to the different relative amounts of B34, B29 and B25 present in the preparations. Therefore, at this level of analysis PrP shows no overt qualitative differences in carbohydrate structure affected by the two parameters measured here: strain of scrapie and region of brain. However, more detailed analysis of the carbohydrate moieties may yet reveal some differences.
We conclude that there is no evidence yet to suggest that glycosylation of PrP is affected by scrapie infection. However two types of experiment are required to confirm this view. Firstly a direct comparison of PrP from normal brain with that from SAF needs to be made to confirm that there is no significant alteration, caused by scrapie, in the carbohydrate. Secondly a chemical analysis of the carbohydrate moieties would reveal the degree of heterogeneity they produce.
